Activation of the complement system generates potent chemoattractants and leads to the opsonization of cells for immune clearance. Short-lived protease complexes cleave complement component C3 into anaphylatoxin C3a and opsonin C3b. Here we report the crystal structure of the C3 convertase formed by C3b and the protease fragment Bb, which was stabilized by the bacterial immune-evasion protein SCIN. The data suggest that the proteolytic specificity and activity depend on the formation of dimers of C3 with C3b of the convertase. SCIN blocked the formation of a productive enzyme-substrate complex. Irreversible dissociation of the complex of C3b and Bb is crucial to complement regulation and was determined by slow binding kinetics of the Mg 2+ -adhesion site in Bb. Understanding the mechanistic basis of the central complement-activation step and microbial immune evasion strategies targeting this step will aid in the development of complement therapeutics.
Activation of the complement system generates potent chemoattractants and leads to the opsonization of cells for immune clearance. Short-lived protease complexes cleave complement component C3 into anaphylatoxin C3a and opsonin C3b. Here we report the crystal structure of the C3 convertase formed by C3b and the protease fragment Bb, which was stabilized by the bacterial immune-evasion protein SCIN. The data suggest that the proteolytic specificity and activity depend on the formation of dimers of C3 with C3b of the convertase. SCIN blocked the formation of a productive enzyme-substrate complex. Irreversible dissociation of the complex of C3b and Bb is crucial to complement regulation and was determined by slow binding kinetics of the Mg 2+ -adhesion site in Bb. Understanding the mechanistic basis of the central complement-activation step and microbial immune evasion strategies targeting this step will aid in the development of complement therapeutics.
Complement is an ancient defense mechanism that evolved into a large protein-interaction network in mammals that initiates and serves innate immune functions and links innate immunity with adaptive immunity 1 . Activation of complement is critical for protection against microbial infection; however, over-activation of complement causes host tissue damage 2 . The complement system is initiated either by specific recognition of target cells in the classical and lectin pathways or spontaneously because of inherent instability of complement component C3 in the alternative pathway 3 . These pathways converge in the formation of C3 convertases, which cleave C3 into the small anaphylatoxin C3a and the large, reactive C3b that may covalently couple to target surfaces 4, 5 . In the amplification loop of the alternative pathway, proenzyme factor B (FB) binds to surface-bound C3b and is cleaved by factor D (FD), which results in an active convertase complex that consists of C3b and the noncovalently bound protease fragment Bb (C3bBb). These convertases amplify C3b production near the target surface, which results in rapid opsonization of the target cell with C3b, which can then elicit B cell stimulation, phagocytosis and cell lysis 1 . Similarly, C3 convertases are formed in the classical and lectin pathways by C4 and C2, which are homologs of C3 and FB, respectively 6 . Both C3 convertases (C3bBb and C4b2a) are active only toward their natural substrate C3, with limited activity toward the homolog C5 (ref. 7) . In the terminal complement pathway, the substrate specificity is switched from C3 to C5 after association of one or more C3b molecules with the C3bBb or C4b2a complex 8, 9 .
Regulation of activity is achieved by convertase assembly and disassembly, which is mediated by complement regulators 10 . For this regulation, it is essential that enzymatic activity toward C3 is expressed only by the assembled active convertases (C3bBb and C4b2a) and not by the proenzymes (FB and C2), proenzyme complexes (C3bB and C4bC2) or dissociated fragments (Bb and C2a). In addition, the convertases are meta-stable and dissociate irreversibly (with an inherent half-life of 60-90 s at 37 1C) 11 ; therefore, the protease fragments Bb or C2a do not reassociate with C3b or C4b, respectively. In this way, the protease activity of the short-lived C3 convertase complexes determines opsonization of pathogens and altered host cells, which is a pivotal step in raising complement-mediated immune responses.
To resist the host immune response, pathogenic bacteria and viruses have evolved many well-defined strategies to evade the immune system. Because the complement system is a key element in antibacterial defense, many of these evasion molecules are directed against complement components. Blocking the central activation step of C3 to C3b is a principal bacterial complement-evasion strategy: streptococci secrete molecules that degrade the C3 molecule, whereas many pathogens indirectly block C3 convertases by attracting host convertase regulators to their surfaces 12 . Staphylococcal complement inhibitor (SCIN) from Staphylococcus aureus has been described as a bacterial protein that directly targets C3 convertases 13 . SCIN is found in 90% of S. aureus strains and specifically binds active convertases (C3bBb and C4b2a) on bacterial surfaces and prevents opsonization of bacteria and subsequent phagocytosis 13 . A notable characteristic of SCIN is that it stabilizes convertases on bacterial surfaces, and mutational analyses indicate that this is essential for its inhibitory function 14 .
Structural studies of the C3 convertases are challenging because these complexes dissociate irreversibly and have short half-lives. Here we used SCIN to stabilize the C3 convertase of the alternative pathway (C3bBb) and to crystallize C3bBb in complex with SCIN. The structure gave insight into the inhibitory mode of SCIN and provided a structural basis for the enzymatic activity, substrate specificity and irreversible dissociation of the C3 convertases that are central to immune defense.
RESULTS

SCIN induces the formation of stable convertase dimers
First we studied whether SCIN, an inhibitor of surface-bound convertases, also binds and stabilizes soluble convertases. Using surface plasmon resonance, we found that surface-immobilized SCIN specifically bound C3bBb (generated in solution by mixture of C3b, FB and FD) and not FB, C3b or proconvertase C3bB (Fig. 1a) . Incubation of histidine-tagged SCIN with C3b, FB and FD in solution resulted in simultaneous association of C3b and Bb with SCIN, whereas no complexes were formed in the absence of FD or FB ( Supplementary  Fig. 1 online) . SCIN inhibited convertases in solution, as C3bBb did not cleave C3 in the presence of SCIN ( Supplementary Fig. 2 online) . Gel-permeation chromatography of the complexes generated in the presence of SCIN showed that SCIN induced the formation of large complexes of B500 kilodaltons (kDa), twice the size of an active convertase complex (B240 kDa; Fig. 1b) . Immunoblot analysis and enzyme-linked immunosorbent assay showed that these complexes indeed contained C3b, Bb and SCIN (Fig. 1b and Supplementary  Fig. 3 online) . We also detected the SCIN-induced formation of large convertase complexes by native gel electrophoresis, and we used this method to analyze the stability of complexes (Fig. 1b,c) . At 20 1C, SCIN-stabilized complexes had a half-life of up to 4 h, whereas at 4 1C, we noted an improvement in stability, with a half-life exceeding 20 h (Fig. 1c) . For crystallization purposes, we optimized the stability of the complex in small-scale experiments comparing a variety of purification methods, which allowed us to generate highly stable complexes in the milligram range. We used SCIN with a histidine-tag at the amino (N) terminus to generate complexes in fluid phase that we then purified from reactants (such as FD, Ba and excess C3b and FB) with magnetic Co 2+ beads. We used ultrafiltration to remove SCIN not in complex and to further concentrate the samples. For crystallization, we generated 10 mM complexes (approximately 5 mg/ml) that were stable over 25 d at 4 1C (Fig. 1d) . Analytical ultracentrifugation of the purified material showed a major component of 15.2 S and a minor component of B18 S, which probably corresponded to the SCINstabilized dimeric complex of B500 kDa and a putative dimer of dimers, respectively ( Supplementary Fig. 4 online) . Thus, SCIN bound and blocked active convertases in solution and induced the formation of dimers of C3bBb. The stabilizing ability of SCIN allowed us to generate highly pure and stable convertase complexes.
Crystal structure of the SCIN-inhibited convertase We used freshly prepared and purified SCIN-stabilized complexes to set up crystallization experiments at 4 1C. Crystals appeared within 1-2 d; electrophoresis showed that the crystals consisted of C3b, Bb and SCIN ( Supplementary Fig. 5 online) . We optimized the crystallization conditions, which resulted in a crystal that diffracted to a resolution of 3.9 Å (crystallographic statistics, Table 1 ; electron density quality, Supplementary Fig. 6 online) . We solved the structure by molecular replacement with the available structures of the individual proteins present in the complex and refined it with noncrystallographic symmetry and tight geometry restraints. The final model was refined to R and R free factors of 25.3% and 26.8%, respectively.
The asymmetric unit contained two complexes, each consisting of a C3bBb-SCIN dimer of 500 kDa with overall dimensions of 177 Â 168 Â 155 Å (Fig. 2a) . The dimer was built of a C3b-C3b homodimer that was stabilized by bridging SCIN molecules ( Fig. 2 ; complex interface analysis, Supplementary Table 1 online). Each C3b molecule had a typical arrangement of 12 domains, as found in other structures of C3b 15, 16 , which consisted of a core formed by eight macroglobulin (MG) domains and a linker domain, a CUB domain ('complement C1r-C1s, UEGF, BMP1') and thioester-containing domain (TED) inserted between MG7 and MG8, and a carboxy (C)-terminal C345C domain (Fig. 2b) . Two Bb molecules were positioned symmetrically on the outer edges of the C3b-C3b dimer. Bb was attached to the C-terminal C345C domain of C3b through the Von Willebrand factor type A (VWA) domain with the active site in the serine protease (SP) domain oriented outward.
Inhibition of C3bBb by SCIN SCIN stabilized the convertase dimer by interacting with C3b and Bb of one convertase (with contact areas of B1,400 Å 2 each to C3b and Bb) and with C3b of the opposing convertase (contact area of 1,800 Å 2 ; Fig. 3a and Supplementary Fig. 7 and Table 1 online). SCIN bound the first C3b at its a¢ N-terminal tail and domains MG6 and MG7, whereas the binding site in the second C3b was formed by domains MG7 and MG8. SCIN did not block the catalytic site in Bb. Instead, SCIN mainly bound the VWA domain and the VWA-SP interface of Bb ( Fig. 2b and Supplementary Fig. 7 ). Studies of a panel of eight different chimeras of SCIN and a nonfunctional homolog have identified two segments of SCIN that are essential for activity on bacterial surfaces 14 . These segments (residues 26-36 and 37-48; exchanged in chimeras Cha1C and Cha2N, respectively) coincided with most of the contact sites for Bb and C3b of one convertase enzyme (Fig. 3b) . We retested the same eight mutants and found that residues 26-48 were also critical for blocking C3 conversion by convertases in solution, which confirmed the observed arrangement in the crystal (Fig. 3c) . Next we addressed the importance of the formation of convertase dimers in the inhibition by SCIN. Two SCIN chimeras with altered C3b dimer-formation contact sites (ChN and ChC3b2) yielded stable but monomeric C3bBb-SCIN complexes (Fig. 3d) . Moreover, these two chimeras still inhibited convertase activity in solution and stabilized convertases on bacteria (Fig. 3c) . These data confirmed the existence of a dimer-formation site as observed in the complex but demonstrated that the formation of convertase dimers was not essential for the inhibitory activity of SCIN. We therefore conclude that SCIN probably inhibits monomeric convertases either by blocking substrate binding or by preventing critical movements required for the formation of active enzymesubstrate complexes.
Architecture of the C3 convertase
In the SCIN-stabilized complex, we noted a loose arrangement of the C3 convertase C3bBb in which Bb seemed to 'dangle' from the tip of the C3b structure. Bb contacted the C-terminal C345C domain of C3b through its VWA domain. We found no contacts between the SP domain of Bb and C3b. This arrangement of C3bBb in the inhibited complex was consistent with published three-dimensional electron microscopy reconstructions of C3bB and C3bBb at a resolution of 27 Å (ref. 17) . Most notably, the C-terminal asparagine residue at position 1641 (Asn1641) of C3b chelated the Mg 2+ bound to the metal ion-dependent adhesion site (MIDAS) formed by three loops (bA-a1, a3-a4 and bD-a5) of the VWA domain of Bb 18, 19 (Fig. 4a,b) . This arrangement is in full agreement with mutagenesis data on the critical importance of the MIDAS for convertase activity 20, 21 . The three loops of the MIDAS contributed to the C3bBb interface; two of these (bA-a1 and bD-a5) have been shown to be critical for convertase stability 22 ( Fig. 4b) . In addition, helix a6 of the VWA domain of Bb was near the a¢ N-terminal tail of C3b (Fig. 4b ). Published data support the possible existence of a putative secondary interaction site that may be disrupted by SCIN, as substitution of an alanine residue for the asparagine residue at position 415 (N415A) in VWA helix a6 of FB yields convertases that are more prone to dissociation by complement regulators 23 . As for C3b, the interface was formed by loops of residues 1515-1520, 1547-1556 and the C-terminal tail (residues 1634-1641) in the C345C domain (Fig. 4b) . Variation in the C345C orientation ( Supplementary Fig. 8 online) indicated weak interactions of C345C with the a3-a4 loop of VWA that resulted in buried surface areas that ranged from 600 Å 2 to 1,200 Å 2 (Supplementary Table 1 ). These variations are in agreement with published data showing a limited effect of substitution in the a3-a4 loop on convertase stability 22 (Fig. 4b) .
The SCIN-stabilized C3bBb complex allowed us to study the effects of complex formation on the conformations of C3b and the proteolytic fragment Bb. The domain arrangement of C3b in the complex ( Supplementary Fig. 9 online) was similar to that of other C3b structures 15, 16 ; variations in the C345C and CUB-TED domains are common and indicate inherent flexibility of C3b. The structure of the Bb fragment in the C3 convertase was similar to that of free Bb 24 , which is very different from that of the full-length proenzyme FB 25 ( Fig. 4c and Supplementary Fig. 10 online) . The MIDAS arrangement in C3bBb suggested a typical high-affinity ligand-binding configuration, similar to the structures of free Bb and C2a 24, 26 and activated integrin Ia domains 27 ( Supplementary Fig. 10) ; however, the low resolution of the diffraction data did not allow detailed interpretation. The nascent N-terminal tail of Bb and the VWA helix a7, which are putatively conformationally coupled to the MIDAS, adopted positions as in free C2a 26 (Fig. 4c) . The published structure of free Bb is in part distorted because the construct lacks the seven N-terminal residues and has an introduced disulfide bridge (Cys428-Cys435) that distorts helix a7 (ref. 24 ; Fig. 4c) . Nevertheless, the VWA-SP orientations in bound versus free Bb differed by only 101, which indicates limited overall effects of these distortions at the VWA-SP interface. Moreover, SCIN interacted with Bb at the VWA-SP interface; these interactions did not have an apparent effect on the VWA and SP conformations. In contrast, the VWA-SP orientations in C2a and C3bBb differed by 281, which is possibly an inherent difference between Bb and C2a ( Supplementary Fig. 10a,b) . Overall, the conformation of the components C3b and Bb in the convertase complex are similar to those of the isolated C3b and Bb proteins.
Implications for enzymatic activity and specificity
The active site in the SP domain in C3bBb showed a typical catalytic serine-histidine-aspartic acid triad and oxyanion hole. The oxyanionhole loop (residues 672-674), however, was distorted because of a peptide 'flip' in all structures of FB, Bb and its homolog C2a, except for one covalently inhibited Bb structure 24, 26, 28 ( Supplementary  Fig. 10d ). In the present low-resolution structure, no conformational changes were apparent in the SP domains of FB, Bb and C3bBb that would affect the catalytic site ( Supplementary Fig. 10e ), which would indicate that binding of C3b does not allosterically induce the catalytic activity of the protease fragment Bb. C3b is probably critical in binding of the substrate C3 to the C3 convertase C3bBb; such an 'exosite' would explain the greater activity for the natural substrate C3 relative to that of five-amino acid peptides (with Michaelis constants of 6 mM (ref. 27 ) and 210-3,000 mM (ref. 29 ), respectively; plasma concentration of C3, B5 mM). We noted a dimeric convertase complex that consisted of two opposing convertases created by the formation of C3b homodimers (Fig. 2a) . The C3b dimer-formation face coincided with binding sites for the inhibitors compstatin 30 , CRIg 16 and antibody S77 (ref. 31) , which block the binding of substrate to the C3 convertase. In the dimeric crystal structure, the C3b-C3b interface was formed by the MG4-MG5 domains of the C3b molecules (with buried surface areas of B1,900-2,800 Å 2 ; Fig. 5a ). We generated a hypothetical enzyme-substrate (C3bBb-C3) complex by superposing the substrate C3 onto C3b based on the MG4-MG5 domains, with the observation that the arrangements of the MG1-MG6 domains (which form the b-ring) are strongly conserved between C3 and C3b ( Fig. 5b and Supplementary  Fig. 11a online) . In the resulting C3bBb-C3 model, the catalytic site of C3bBb was oriented toward but positioned 30 Å away from the scissile loop of the substrate C3 (Fig. 5b) . Furthermore, the homologous convertase C4b2a is expected to bind substrate C3 through the corresponding side of C4b, resulting in a similar C4b-C3 interface. The sequence alignment of the MG4-MG5 domains of C3, C4 and C5 indicated that many amino acid residues at the interaction site were Supplementary Fig. 8 online) .
conserved between C3 and C4 (ref. 32; Supplementary Fig. 11b ). C5, however, differed both in amino acid sequence and in the domaindomain orientation of MG4-MG5, which may explain the weak interaction of C5 with C3b and poor cleavage of C5 by the C3bBb complex 33, 34 ( Supplementary Fig. 11a ). These data indicated that the extreme specificity of the C3 convertase is possibly obtained by the formation of quasi-homodimers of C3 with C3b of the alternative pathway convertase (C3bBb) and a similar association of C3 to the evolutionary related C4b of the classical and lectin pathways convertase (C4b2a).
Positioning Bb of the C3bBb complex in place relative to the substrate C3 in the C3bBb-C3 model yielded a putative docking of the scissile loop into the active site of the SP domain in a productive (N-to-C) orientation (Fig. 5c) . The observed orientation of the SP domain was consistent with the predicted orientation based on the crystal structure of C2a 26 , with the extended surface loops (unique to the chymotrypsin-like SP domains of Bb and C2a) folding along the anaphylatoxin domain of C3. Two possible concurrent effects may overcome the 30-Å gap between the catalytic site and the scissile loop and result into an enzymatically active complex. First, the large positional variation of the C345C domain in various C3b structures ( Supplementary Fig. 9 ) suggests that the flexibility in C345C orientation may be used to swing Bb into place for proteolysis. Second, the observed C3b-C3b interface in the inhibited complex probably represents the product-release state C3bBb-C3b. Substrate binding putatively involves a larger area of C3 that includes the domains MG3 and MG6-MG8 at the same side as MG4-MG5 and hence closes part of the gap between the substrate and the enzymatic complex. Supplementary  Fig. 12 online) . SCIN possibly blocks both processes; it prevents swinging of Bb, and it may block a tighter C3b-C3 interface. In conclusion, the data suggest that the specific proteolytic activity of the C3bBb complexes is determined by the highly specific binding of the substrate through the 'exosite' located on the ligand C3b.
Intrinsic control of convertase activity
The C3 convertase (C3bBb) dissociates irreversibly, which is critical in controlling complement activation 35 27 . The possibility of putative changes in the helix a7 and the N-terminal tail of the VWA domain of Bb from the bound state to the dissociated state 5, 24 was not supported by the available structural data (Fig. 4c and Supplementary Fig. 10 ). Surface plasmon resonance data show that the 24 and C2a (Protein Data Bank accession code 2I6Q) 26 , showing the position of helix a7 and the nascent N terminus. The MIDAS loops bA-a1, a3-a4 and bD-a5 are green; the N terminus of Bb (Cys428-Cys435) is missing (dashed line). proenzyme FB and C3b associate and dissociate in a two-step process in Mg 2+ -containing buffer with one fast kinetic phase and one slow kinetic phase that differ by orders of magnitude 37 . Here, we extended that analysis by measuring the binding of FB to C3b in the absence of Mg 2+ (to exclude the possibility of binding of the Bb fragment) and the interaction of fragment Ba with C3b ( Supplementary Fig. 13 online). Our data confirmed that Ba directly binds to C3b in a Mg 2+ -independent way 37, 38 and showed that binding of FB in the absence of Mg 2+ shifted toward a kinetic profile similar to that of Ba. We therefore conclude that the fast on-off phase in the C3b-FB interaction is Mg 2+ independent and can be attributed to initial contacts through the Ba segment. This result indicates that the Bb segment of FB associates and dissociates slowly. These data collectively indicate that the MIDAS and helix a7 configuration in Bb establishes a stable ligand-binding site in the open configuration with slow association and dissociation kinetics, which is responsible for the intrinsic control of the convertase activity, the half-life and irreversible dissociation.
DISCUSSION
Here we have shed important new light on the structure of the inherently instable bimolecular C3 convertase (C3bBb), which is the central protease complex of the complement system, by demonstrating the dimeric structure of C3bBb stabilized by SCIN from S. aureus. The structure answered crucial questions related to convertase specificity and function relevant to understanding regulation of innate immunity. Furthermore, it showed in detail how bacteria may evade the immune system, which is important for understanding bacterial pathogenesis at the molecular level.
For the protection of host cells, complement activation is strictly regulated. Regulation occurs mainly at the level of C3 convertases, because the enzyme is a short-lived complex that cannot reassociate after dissociation. This first structure of C3bBb indicated that the conformation of Bb in the convertase complex is similar to that of Bb in its isolated form. Binding studies showed that Bb cannot rebind to C3b, because it has lost its fast association binding site for C3b, which is the Ba segment. Another critical aspect of complement regulation is that the C3 convertase enzyme is highly specific for C3 and does not or can hardly activate other proteins, such as the homologous C4 or C5. The presented structure of convertases in dimer formation indicates that C3b of the enzyme complex (C3bBb) forms a dimer with its substrate C3 and provides an 'exosite' that determines the enzyme specificity.
On the basis of our results, we present a model for the activation of C3 by convertases. Surface-bound C3bBb binds the substrate C3 by forming a quasi-homodimer with C3b. Because Bb is bound to the flexible C345C domain in C3b, it can swing toward the substrate and cleave the scissile bond in C3. The C3a domain will be released, and conformational changes in C3b will induce its release from the enzyme complex. After diffusion, C3b may bind covalently to hydroxyl groups on the target surface through its reactive acyl-imidazole moiety 4 . Covalent binding to the surface without diffusion may generate C3b 2 Bb complexes with C5-convertase activity; this would explain the apparent discrepancy that formation of the C5 convertase depends on the binding of one C3b molecule 8 or multiple C3b molecules 9 to the C3 convertase complex. However, the precise arrangement of the multimolecular enzyme complex that leads to the binding and cleavage of C5 is unclear.
From an immune-evasion point of view, it is now understood that many amino acids in SCIN are involved in the formation of the dimeric inhibited convertase. In fluid phase, SCIN strongly binds to one convertase (C3bBb) and forms a bridge to the other convertase by binding C3b. By itself, the formation of convertase dimers could be an efficient convertase-inhibitory strategy, by preventing substrate binding. By altering the dimer-formation site in SCIN, we have shown that a monomeric SCIN-convertase is still an inhibited and stable complex. Thus, even if dimers cannot form on a bacterial surface, SCIN will block the C3bBb enzyme directly. Because we found a strong correlation between enzyme stability and inhibition by SCIN, we believe that SCIN prevents the swinging of Bb by fixing Bb on C3b. The dimeric nature of the convertase will contribute to complex stability and steric hindrance of the interactions of complement receptors with the stabilized convertase on the surface of the bacterium.
Although we can mimic these processes with purified components in solution, complement activation normally occurs on surfaces like those of bacteria. SCIN is a secreted bacterial molecule and has been shown to bind back to the surface as soon as active convertases are formed 13 . The secreted versus membrane-bound character of SCIN is critical in allowing this small molecule to fit in the narrow pocket of convertase components and to bind quickly to randomly distributed convertases at the bacterial surface. The similar activity of SCIN mutants on surface-bound and fluid-phase convertases suggests that the soluble complex is indeed representative of a surface-bound convertase. SCIN is an immunogenic bacterial protein and therefore is not suitable as an anti-inflammatory drug for humans. Nevertheless, the structure of the SCIN convertase provides insight into a unique and effective convertase-modulation strategy that evolved in a bacterial pathogen. In summary, our data have provided insights into the molecular mechanisms that underlie the central amplification step of the complement system that leads to the opsonization of pathogens and altered host cells. These insights are essential for understanding the regulatory mechanisms of complement activation and the wide range of evasion strategies that can be used by pathogenic microorganisms. Both the structure and understanding of the convertase-inhibitory strategy provide crucial insights for the future development of complement inhibitors.
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ONLINE METHODS
Protein expression and purification. C3 was purified from freshly isolated human plasma and C3b was generated as described 39 . After informed consent was provided by the donor, plasma was obtained at the University Medical Center Utrecht according to a study protocol approved by the medical ethics committee of the University Medical Center Utrecht. The preparation of recombinant SCIN and chimeric mutants has been described 14 . SCIN protein with an N-terminal six-histidine tag was prepared by overlap-extension PCR. In the ChC3b2 mutant, residues 1-13, 59-61, 64-65 and 67-68 were exchanged with corresponding residues of ORF-D. Plasma-purified FB and commercially obtained FD (Calbiochem) were used for Biacore, gel-filtration and small-scale experiments. For large-scale experiments in crystallization trials, recombinant FB and FD were used. Human FB fused to a N-terminal histidine tag containing a tobacco-etch virus protease cleavage site was expressed in human embryonic kidney 293S GnTI -(HEK293ES) cells to allow homogeneous Nlinked glycosylation 40 . FB was purified by metal-affinity chromatography as described 25 and the histidine tag was removed by TEV protease cleavage and a second column passage on Ni-NTA Superflow beads (Qiagen). Finally, FB was purified by size-exclusion chromatography. Human FD was expressed without a tag in HEK293-EBNA cells (HEK293 cells that express Epstein-Bar virus nuclear antigen). Secreted FD was purified by cation-exchange and sizeexclusion chromatography. Ba with a six-histidine tag at the N terminus was recombinantly expressed in a pQE30-M15 Escherichia coli expression system (Qiagen) and was purified from the inclusion bodies with a Ni-NTA Superflow column. After refolding, it was subjected to anion-exchange chromatography on a MonoQ1010 column.
Binding convertase to immobilized SCIN. CM5 sensor chips were immobilized with SCIN (2,526 resonance units) or CHIPS (3,372 resonance units; negative control) 41 by standard amine-coupling chemistry in 10 mM sodium acetate, pH 5. Purified C3b, FB and FD were passed over the surface at a flow rate of 30 ml/min in HEPES-buffered saline (HBS)-Mg (20 mM HEPES, 140 mM NaCl, 5 mM MgCl 2 and 0.05% (vol/vol) Tween, pH 7.4); association and dissociation were both monitored for 300 s. Surfaces were regenerated with 0.1 M citric acid, 1 M NaCl and 1 mM EDTA, pH 5. Immobilization and binding experiments were done at 25 1C with a Biacore 2000. experiments were repeated in running buffer (10 mM HEPES, pH 7.4, 150 nM NaCl and 0.005% (vol/vol) Tween-20) containing either 1 mM MgCl 2 or 3 mM EDTA. Signals from an untreated streptavidin surface and an ensemble of buffer blank injections were subtracted from the binding signals. Data were processed with Scrubber (BioLogic Software), and CLAMP software 49 was used for kinetic analysis.
